Aims/hypothesis The content of heparan sulphate is reduced in the endothelium under hyperglycaemic conditions and may contribute to the pathogenesis of atherosclerosis. Heparanase-1 (HPR1) specifically degrades heparan sulphate proteoglycans. We therefore sought to determine whether: (1) heparan sulphate reduction in endothelial cells is due to increased HPR1 production through increased reactive oxygen species (ROS) production; and (2) HPR1 production is increased in vivo in endothelial cells under hyperglycaemic and/or atherosclerotic conditions. Methods HPR1 mRNA and protein levels in endothelial cells were analysed by RT-PCR and Western blot or HPR1 enzymatic activity assay, respectively. Cell surface heparan sulphate levels were analysed by FACS. HPR1 in the artery from control rats and a rat model of diabetes, and from patients under hyperglycaemic and/or atherosclerotic conditions was immunohistochemically examined. Results High-glucose-induced HPR1 production and heparan sulphate degradation in three human endothelial cell lines, both of which were blocked by ROS scavengers, glutathione and N-acetylcysteine. Exogenous H 2 O 2 induced HPR1 production, subsequently leading to decreased cell surface heparan sulphate levels. HPR1 content was significantly increased in endothelial cells in the arterial walls of a rat model of diabetes. Clinical studies revealed that HPR1 production was increased in endothelial cells under hyperglycaemic conditions, and in endothelial cells and macrophages in atherosclerotic lesions.
Introduction
Heparan sulphate proteoglycans (HSPG) are important components of the cell surface, the extracellular matrix and the basement membrane. HSPG comprise a protein core that is covalently attached to a unique glycosaminoglycan chain characterised by a linear array of alternating disaccharide units [1] [2] [3] [4] . HSPG play an important role in the assembly and structure of the basement membrane, the regulation of basement membrane permeability, and in growth factor activity and cellular adhesion [1, 2, [5] [6] [7] . Emerging evidence indicates that the amounts of HSPG are reduced under hyperglycaemic conditions in endothelial cells in vitro [8, 9] and in vivo in diabetic patients and animal models of disease [10] . A significant decrease in heparan sulphate, but a relative increase in dermatan sulphate in normal and atherosclerotic intima of diabetic patients precede the development of lesions in diabetes [10] . Loss of arterial heparan sulphate correlates with the onset of atherosclerosis in a monkey model of diabetes [11] and accelerates the deposition of lipoprotein(a) in the subendothelial matrix [12] [13] [14] [15] . The mechanisms of hyperglycaemia-induced heparan sulphate decrease in endothelial cells remain poorly understood.
Heparanase-1 (HPR1) is an endoglycosidase that specifically degrades HSPG. Recent studies have shown that HPR1 production is increased in renal epithelial cells under hyperglycaemic conditions, subsequently leading to increased heparan sulphate degradation [16] [17] [18] . In a rat model of adriamycin nephropathy, reactive oxygen species (ROS) production is required for induction of HPR1 production in glomerular epithelial cells [19] . Increased HPR1 production has been observed in endothelial cells under high glucose conditions in vitro [20] . The notion of whether ROS production is required for high glucose-induced HPR1 production and heparan sulphate degradation in endothelial cells remains to be tested.
Methods
Reagents and cell lines N-acetylcysteine (NAC) and glutathione were purchased from Sigma (St Louis, MO, USA). 2,7-Dichlorodihydrofluorescin diacetate was purchased from Molecular Probes (Eugene, OR, USA). Heparin sodium salt (H4784) was purchased from Sigma. PI-88 was kindly provided by Progen Pharmaceuticals (Toowong, QLD, Australia). Human brain microvascular endothelial cells (HBMEC) and human dermal microendothelial cells (HDMEC) were used in our previous study [21] . HBMEC were grown in RPMI 1640 containing 10% FBS, MEM vitamins, non-essential amino acid, sodium pyruvate (Invitrogen, Carlsbad, CA, USA), penicillin (100 U/ml), streptomycin (100 μg/ml) and 2 mmol/l L-glutamine. HDMEC were grown in MCDB-131 medium (Invitrogen, Carlsbad, CA, USA) containing 5% FBS (vol./vol.), 1 mg/ml hydrocortisone, penicillin (100 U/ml), streptomycin (100 μg/ml) and 2 mmol/l L-glutamine. EaHy 926 cell line was purchased from the American Tissue Culture Collection (Manassas, VA, USA) and cells grown in DMEM. A rabbit anti-HPR1 polyclonal IgG was used in Western blot to detect HPR1 in the conditioned medium (H-80, sc-25825; Santa Cruz, San Diego, CA, USA). Anti-HPR1 monoclonal antibody and polyclonal antibody were kindly provided by H. Miao (ImClone Systems, New York, NY, USA). The specificity of the antibodies has been previously described and verified in our Western blot using purified HPR1 and the cell lysates of HPR1-transfected cells [22] . Anti-vesicular stomatitis virus (VSV) tag monoclonal antibody (clone P5D4) was purchased from Sigma. Alexa Fluor 488-conjugated goatanti-mouse IgG antibody was from Invitrogen. Antiheparan sulphate monoclonal antibody (clone HepSS) was purchased from Seikagaku (Chuo-ku, Tokyo, Japan). Phage display-derived anti-heparan sulphate antibody with a VSV tag (EW3D10) has been previously described [23] .
HPR1 activity assay Endothelial cells grown for 48 h in the media containing 5 or 30 mmol/l glucose were collected and analysed for HPR1 activity in cell lysates according to a novel ELISA protocol established in this laboratory [18, 22, 24, 25] .
Luciferase reporter gene expression HBMEC were transfected with the luciferase reporter gene driven by a 0.3, 0.7 or 3.5 kb HPR1 (also known as HPSE) promoter (pGL3/HPR1-0.3, pGL3/HPR1-0.7 and pGL3/HPR1-3.5) [26] . pCMV/SPORT (Invitrogen), which encodes a β-galactosidase gene, was co-transfected as an internal control. After incubation for 48 h in the medium containing 5 or 30 mmol/l glucose, the cells were collected and analysed for luciferase activity. The relative light unit in each sample was normalised against β-galactosidase activity measured by a colorimetric assay as previously reported [27] . The means of data in triplicate from one of at least two experiments with similar results are presented.
Flow cytometric analysis Cells were starved of glucose overnight and then incubated for 48 h in the medium containing 5 or 30 mmol/l glucose or the indicated concentrations of H 2 O 2 in the absence or presence of three HPR1 inhibitors, PI-88, heparin and sulodexide (50 μg/ml each) [28] . Cell surface heparan sulphate was stained with an anti-heparan sulphate monoclonal antibody (clone HepSS) according to previous publications [18] . To verify the specificity of high glucose-induced HPR1 production, HBMEC were seeded in a six well plate in complete RPMI 1640 medium. Upon 60% confluence, cells were replenished with fresh medium containing different concentrations of glucose. Cell surface heparan sulphate levels were analysed by staining with an anti-heparan sulphate antibody (EW3D10) followed by a mouse anti-VSV monoclonal antibody and then by Alexa Fluor 488-conjugated goat anti-mouse IgG. For negative controls, normal mouse IgG was used to replace anti-VSV monoclonal antibody. To confirm the role of HPR1 in mediating high glucose-induced heparan sulphate degradation, HBMEC were transfected with a pcDNA3.1 vector (Invitrogen) or the vector encoding human HPR1 gene in sense (pcDNA/HPR1) or antisense orientation (pcDNA/HPR1-AS) [22] using FuGENE6 (Roche Applied Science, Indianapolis, IN, USA) transfection reagent. After incubation for 24 h, the cells were treated with low or high glucose for 24 h and then analysed for cell surface heparan sulphate by flow cytometry of anti-heparan sulphate antibody (EW3D10)-stained cells.
RT-PCR HBMEC were treated for 24 h with 5 or 30 mmol/ l glucose, or with 5 mmol/l glucose in the presence of the indicated concentration of H 2 O 2 . HPR1 mRNA was analysed by semi-quantitative RT-PCR as previously described [18, 29] . In some experiments, HPR1 transcription was analysed by real-time PCR according to our recent publication [30] .
Western blot HPR1 in conditioned media and cell lysates was enriched by sepharose-heparin beads (Amersham Biosciences, Piscataway, NJ, USA) as previously published [31] . HPR1 protein in the supernatant fractions, presenting mainly as the 65 kDa proenzyme, was detected by Western blot with a rabbit polyclonal antibody (Santa Cruz) that recognises the 65 kDa form of HPR1. The majority of HPR1 protein in the cytosol, mainly in the lysosomes, is presented as the active enzyme, consisting of a 50 kDa plus an 8 kDa heterodimer [32, 33] . HPR1 in the cell lysates was detected by Western blot with an anti-HPR1 monoclonal antibody (ImClone) that recognises 50 and 65 kDa forms of HPR1.
Measurement of intracellular ROS HBMEC were seeded in six-well plates in the complete medium. Upon 50% confluence, the cells were starved of glucose overnight and then incubated in the medium containing 5 or 30 mmol/l glucose for the indicated lengths of time. Extra 25 mmol/l L-glucose was added to the cells under normal glucose conditions to maintain equal osmotic strength. Cells were collected and loaded with fluoroscein dye (2,7-dichlorodihydrofluorescin diacetate; 20 nmol/l) for 15 min at 37°C, followed by FACS analysis for intracellular ROS levels.
Induction of diabetes in rats Diabetes was induced in five Sprague-Dawley rats by a single dose, i.v. injection (55 mg/kg) of streptozotocin (Sigma). Long-acting insulin (Humulin; Eli Lilly, Indianapolis, IN, USA) was given daily to diabetic rats at a dose of 3 U by subcutaneous injection to maintain glucose at about 27.75 mmol/l (500 mg/dl). Control rats (n=6) received the same volume of vehicle (0.1 mol/l sodium citrate, pH 5.0). Body weight was recorded weekly. Blood glucose levels were measured using a kit (Ascensia Elite XL; Bayer, Elkhart, IN, USA). Normal and diabetic rats were killed on day 28. The aortic arteries were removed and fixed in formalin. Tissues were embedded within 24 h following a standard pathology procedure.
Patient information and tissue specimens Use of specimens from human patients was approved by the Institutional Review Board of Rush University Medical Center. The participants gave informed consent. Specimens (n=10) from deceased patients (three carotid artery specimens from patients with diabetes, seven from patients without diabetes) were analysed for HPR1 levels ( Table 1) . Autopsy arterial specimens were taken within 30 h of death. Specimens (n=15) of carotid atherosclerotic lesions from endarterectomy were fixed in formalin. Among them, six were from non-diabetic patients and nine from diabetic patients ( Table 2 ). The samples were fixed in 10% formalin (wt/vol.) and processed for embedding within 48 h follow-ing standard diagnostic pathology procedures. The sections of paraffin-embedded blocks were obtained from the Department of Pathology. Patient information is listed in Tables 1 and 2 .
Immunohistochemistry analysis of HPR1 content The sections of paraffin-embedded arteries were analysed for HPR1 content by immunohistochemistry staining with a monoclonal antibody (ImClone) against HPR1 as previously described [25, 29, 34] , except that antigen retrieval was conducted by microwave-heating the slides in 6 mol/l urea for 30 min. At least three sections of aortic artery from normal or diabetic rats were stained and graded. HPR1 levels were graded as: negative (−), i.e. no signal at all; positive (+), with weak signal in >20% of cells; moderately positive (++), with strong signal in >50% of cells; and strongly positive (+++), with strong signal in >80% of cells. HPR1 levels were graded by two investigators (X. Xu and V. Reddy) in a blinded fashion. Endothelial cells, macrophages and smooth muscle cells in the artery were identified by an experienced pathologist (V. Reddy) who is specialised in cardiovascular pathology.
Statistical analysis Fisher's exact test was used to analyse the significance of a difference in HPR1 positivity in the atherosclerotic plaques from diabetic and non-diabetic 30 mmol/l (e-g) glucose were also analysed for cell surface heparan sulphate levels by staining with an anti-heparan sulphate monoclonal antibody (green line) followed by FACS. Black line, mouse IgM used as isotype control. h-k High glucose induces cell surface heparan sulphate loss in a dose-dependent manner. HBMEC were seeded overnight in a six-well plate in complete RPMI 1640 medium containing high glucose (25 mmol/l). Cells were then cultured under (h) 5, (i) 10, (j) 20 and (k) 30 mmol/l glucose and incubated for another 24 h. Cells were collected and analysed for cell surface heparan sulphate levels by staining with a phage display-derived antibody (EW3D10) followed by flow cytometry. l-p Restoration of cell surface heparan sulphate levels by HPR1 inhibitors. HBMEC were incubated for 24 h in complete medium containing (l) 5 or (m) 30 mmol/l glucose in the absence or presence of (n) PI-88, (o) heparin or (p) sulodexide (50 μg/ml each). Cell surface heparan sulphate was detected by FACS analysis of cells stained with anti-heparan sulphate monoclonal antibody. Black line, mouse IgM as isotype control; red line, HPR1 inhibitor; green line, anti-heparan sulphate monoclonal antibody in the absence of a HPR1 inhibitor. q-v Restoration of cell surface heparan sulphate levels by HPR1 suppression. HBMEC at 5 mmol/l were either not transfected (q) or transfected with (r) pcDNA3.1 or (s) pcDNA3.1 at 30 mmol/l, or transfected at 5 mmol/ l with (t) pcDNA/HPR1 and (u) pcDNA/HPR1-AS, and (v) at 30 mmol/l with pcDNA/HPR1-AS. Transfection was by FuGENE6 transfection reagent. After incubation for 24 h, the cells were treated with low or high glucose for 24 h and analysed for cell surface heparan sulphate levels by flow cytometry of EW3D10-stained cells considered statistically significant. All statistics were conducted using SigmaStat3 software (Richmond, CA, USA).
Results
High glucose induces heparan sulphate degradation and HPR1 production Using a novel ELISA developed in our laboratory [29] , we first showed that HPR1 activity in three endothelial cell lines, HDMEC, HBMEC and EaHy 926 cells, when cultured under high glucose conditions (30 mmol/l), was significantly increased by 73% (p= 0.005), 50% (p=0.023) and 67% (p=0.001; Fig. 1a) . Cell surface heparan sulphate levels in HDMEC under high glucose conditions (30 mmol/l; Fig. 1e ) were much lower than those under normal glucose levels (5 mmol/l; Fig. 1b) . Heparan sulphate was undetectable on the cell surface of HBMEC (Fig. 1f) and EaHy 926 cells (Fig. 1g) under high glucose conditions, but was present in the cells under normal glucose conditions (Fig. 1c, d ). High glucose dosedependently induced the loss of cell surface heparan sulphate, as detected by EW3D10, a phage displayderived antibody that recognises sulphated heparan sulphate domains (Fig. 1h-k) .
Three HPR1 inhibitors, PI-88, heparin and sulodexide (50 μg/ml each) were able to restore cell surface heparan sulphate levels in HBMEC under high glucose conditions (Fig. 1n-p) . Our previous study demonstrated that transfection of HT1080 cells with HPR1 antisense gene (pcDNA/HPR1-AS) was able to increase cell surface heparan sulphate production [22] . Here, high glucose decreased cell surface heparan sulphate levels in pcDNA3.1-transfected (Fig. 1s) , but not in pcDNA/HPR1-AS-transfected HBMEC (Fig. 1v) . Cell surface heparan sulphate was ablated in pcDNA/HPR1-transfected cells under normal glucose conditions (Fig. 1t) .
To verify the ability of high glucose to induce HPR1 production, we first conducted Western blot to analyse HPR1 levels in the conditioned media and in the cytosol of HBMEC. As shown in Fig. 2a, HPR1 was detected as a 65 kDa proenzyme in the supernatant fraction and mainly as a 50 kDa protein in the cell lysates of HBMEC (Fig. 2a) . HPR1 protein levels in conditioned media of HBMEC and in the cell lysates under high glucose conditions were much higher than those under normal glucose conditions (Fig. 2a) .
RT-PCR revealed that HPR1 mRNA levels were higher in HBMEC under high than in those under normal glucose conditions (Fig. 2b) . Real-time RT-PCR revealed a signif- icant increase of HPR1 mRNA levels by 49% (p<0.001; Fig. 2c ). HPR1 promoter-driven luciferase reporter assay revealed that luciferase gene expression driven by a 3.5-, 0.7-and 0.3-kb promoter in HBMEC under high glucose conditions was significantly higher than that under normal glucose conditions (p = 0.012, p = 0.022 and p =0.019 respectively; Fig. 2d ). There was no significant difference in pGL3/Basic-transfected cells under normal or high glucose conditions (p=0.053).
ROS production is required for high glucose-induced HPR1 production and heparan sulphate degradation ROS production is implicated in high glucose-induced HPR1 production in glomerular epithelial cells [19] . FACS analysis revealed that ROS production was increased in HBMEC under high glucose conditions in a time-dependent manner ( Fig. 3a-d) . HPR1 enzymatic activity assay revealed that HPR1 activity was increased by approximately 80% in HBMEC under high glucose conditions (p= 0.011; Fig. 3e ), compared with that under normal glucose conditions. Two ROS scavengers, NAC and glutathione (10 mmol/l each), were able to block high glucose-mediated increase of HPR1 activity (p=0.024 and p=0.007, respectively; Fig. 3b ). Consistently, NAC and glutathione were able to restore cell surface heparan sulphate levels in high glucose-treated HBMEC (Fig. 3f-k) . Fig. 4a ). H 2 O 2 concentration at 1 μmol/l appeared to be slightly more effective than the two other concentrations in inducing HPR1 mRNA expression and production of 65 kDa HPR1 protein in the supernatant fraction (Fig. 4b) . Interestingly, H 2 O 2 led to increased HPR1 production in the cytosol (Fig. 4b) and decreased cell surface heparan sulphate levels in a dosedependent manner (Fig. 4c-f ). Decrease of cell surface heparan sulphate levels was blocked by PI-88, heparin and sulodexide ( Fig. 4i-k) .
Increased HPR1 production in endothelial cells of aortic arteries from a rat model of diabetes We analysed HPR1 contents in the endothelial cells of aortic arteries from diabetic and normal rats. Immunohistochemistry staining with an anti-HPR1 monoclonal antibody on the cross sections of the aortic arteries revealed extensive HPR1 presence in the endothelial cells and smooth muscle cells of the aortic arteries from two diabetic rats (Fig. 5c, d ), but levels were low or not detectable in cells from two normal rats (Fig. 5a, b) . We analysed HPR1 contents in the aortic arteries from six normal and five diabetic rats, and found that HPR1 content in the endothelial cells of arteries of diabetic rats reached a significantly higher level than in control rats (Fig. 5e ). HPR1 levels in smooth muscle cells were also increased.
HPR1 production in endothelial cells of atherosclerotic plaques We next tested whether HPR1 production was increased in arterial endothelial cells in hyperglycaemic patients. We first analysed HPR1 content in ten carotid artery autopsy specimens. HPR1 levels in endothelial cells and macrophages were graded as weakly positive in an autopsy specimen from a patient without diabetes and atherosclerosis (Fig. 6a) . In contrast, HPR1 levels in endothelial cells and macrophages were graded as strongly positive in an autopsy specimen from a patient with diabetes and atherosclerosis (Fig. 6b) . Normal mouse IgG was included as a negative control, revealing no nonspecific signal (Fig. 6c) . Among seven non-diabetic autopsy-derived samples, HPR1 content in endothelial cells was graded as weakly positive in five specimens from patients without diabetes or severe atherosclerosis, but moderately positive or strongly positive in two patients, each with moderate or severe atherosclerosis (Table 1) . Among autopsy-derived samples from three patients with diabetes and atherosclerosis, HPR1 content in endothelial cells was graded as strongly positive (Table 1) . Macrophages were present in all specimens with moderate or severe atherosclerosis. HPR1 was highly expressed in the macrophages of all specimens. HPR1 was also detectable in smooth muscle cells in many autopsy specimens (Table 1) . Preliminary analysis of these ten autopsy specimens suggests that increased HPR1 levels in endothelial cells are associated with hyperglycaemia and/or atherosclerotic lesions. To address this, we analysed HPR1 levels in endothelial cells in 15 carotid atherosclerotic lesions from six diabetic and nine non-diabetic living patients. HPR1 content in endothelial cells was graded as minimal in an atherosclerotic lesion from a non-diabetic patient (Fig. 6d) . However, in a carotid atherosclerotic lesion from a nondiabetic patient, HPR1 content was graded as strongly (Fig. 6e ). An example of where HPR1 levels in endothelial cells and macrophages in a specimen from a diabetic patient (Fig. 6f) were graded as strongly positive is also given. Among six endarterectomy specimens from living nondiabetic patients, HPR1 positivity in endothelial cells was graded as negative and weakly positive (one each), and strongly positive in four samples (Table 2 ). HPR1 positivity in macrophages was graded as weakly positive in two, moderately positive in one and strongly positive in three samples (Table 2) . Among nine endarterectomy specimens from diabetic patients, HPR1 positivity in endothelial cells was graded as negative in two, weakly positive in one and strongly positive in six specimens (Table 2 ). HPR1 positivity in macrophages was graded as weakly positive in two, moderate in one and strongly positive in six samples (Table 2 ). There was no statistical difference in HPR1 positivity in endothelial cells or in macrophages in atherosclerotic lesions from living patients with or without diabetes (p>0.05).
Discussion
Our present study has demonstrated that HPR1 activity in a hybrid (EaHy 926) and in two microvascular endothelial cell lines (HBMEC, HDMEC) under high glucose conditions was increased. Increased HPR1 promoter activity and HPR1 mRNA levels (Fig. 2) in HBMEC under high glucose conditions suggests a mechanism affecting transcriptional regulation of HPR1 expression. It should be noted that differences in response to high glucose stimulation are possible between primary endothelial cells and immortalised endothelial cell lines, and between endothelial cells derived from micro-and macrovascular vessels. Nevertheless, a recent study showed that HPR1 mRNA levels and HPR1 activity were increased in primary porcine aortic endothelial cells under high glucose conditions [20] . Our study further showed that increased HPR1 production led to decreased cell surface heparan sulphate levels, and that HPR1 inhibitors and HPR1 suppression by HRP1 antisense transfection restored levels of cell surface heparan sulphate levels. Taken together, these observations suggest that increased HPR1 production under hyperglycaemic conditions is responsible for decreased cell surface heparan sulphate levels in endothelial cells. The causal role of HPR1 in degrading cell surface heparan sulphate was confirmed by showing the loss of cell surface heparan sulphate in HPR1-transfected HBMEC (Fig. 1t) .
We noticed that induction of HPR1 production by high glucose in endothelial cells was only moderate. High glucose led to increased HPR1 gene expression and HPR1 activity in lysates of HBMEC by about 50%. However, this level of increased HPR1 production may have a much more profound effect on heparan sulphate degradation, as HPR1 enzyme can repeatedly cleave heparan sulphate. In addition, high glucose may also increase secretion of HPR1 after processing in the lysosome of endothelial cells [35] . Therefore, high glucose may have a dual effect on HPR1 production and secretion. This notion is supported by our finding that high glucose (30 mmol/l) led to loss of heparan sulphate on the cell surface in three endothelial cell lines (Fig. 1e-g ). The physiological relevance of this observation was confirmed by showing that high glucose induced loss of cell surface heparan sulphate in a dose-dependent manner. High glucose (10 mmol/l) was able to significantly decrease cell surface heparan sulphate levels (Fig. 1i) .
ROS have been implicated as critical 'players' in the regulation of HPR1 expression in different model systems. For example, ROS production is required for adriamycininduced HPR1 production in glomerular epithelial cells [19] . The role of ROS in regulating HPR1 expression in glomerular epithelial cells was further confirmed in vitro [36] . A recent study showed that ROS scavenging by overabundance of extracellular superoxide dismutase leads to decreased HPR1 production and increased cell surface heparan sulphate levels in a breast cancer cell line [37] . In the present study, we identified ROS as a critical component in mediating high glucose-induced HPR1 production. This was supported by the finding that: (1) ROS levels were increased in HBMEC under high glucose conditions; (2) glutathione and NAC, two ROS scavengers, were able to block high glucose-induced HPR1 production and heparan sulphate degradation; and (3) exogenous ROS were able to induce HPR1 production and heparan sulphate degradation. Together, these observations suggest that ROS play a critical role in mediating high glucose-induced HPR1 production. It should be noted that ROS are also capable of directly shedding off heparan sulphate side chains by heparan sulphate depolymerisation [38, 39] . Our experiment in Fig. 3 showed that ROS at higher concentrations led to complete loss of heparan sulphate on the cell surface, but did not proportionately increase HPR1 production in conditioned media or HPR1 gene expression. It is possible that ROS may reduce cell surface heparan sulphate levels by inducing HPR1 production and by depolymerising heparan sulphate.
It has been well established that ROS production is increased in endothelial cells under hyperglycaemic conditions [40] . Our present study demonstrated that HPR1 production was increased in endothelial cells of aortic arteries of diabetic rats. Though ROS production was not measured in vivo, we speculate that increased ROS production in endothelial cells under hyperglycaemic conditions plays a critical role in inducing HPR1 production. Consistently, HPR1 production was also increased in glomerular endothelial cells in an adriamycin-induced model of nephropathy, due to increased ROS production [19] . In addition, we found that HPR1 production was very low in the endothelial cells of six autopsy-derived carotid artery specimens from non-diabetic individuals whose arteries were normal. However, there was strong HPR1 positivity in the autopsy-derived endothelial cells of carotid artery from three patients with diabetes and atherosclerosis, as well as in those from one patient without diabetes but with atherosclerosis.
Our animal experiment revealed that HPR1 levels were increased in endothelial cells. While our animal and clinical studies together suggest that hyperglycaemia could lead to increased HPR1 production in endothelial cells in vivo, this notion should be treated with caution Table 1 ). b Carotid artery from a diabetic patient with severe atherosclerosis (patient 8, Table 1 ). c No non-specific signal with normal mouse IgG as negative control on a cross-section of carotid artery from a nondiabetic patient with myocardial infarction. d-f Cross-sections of carotid atherosclerotic lesions from surgical specimens as follows: carotid artery (d) from a non-diabetic patient (patient 1, Table 2 ), (e) from a non-diabetic patient with severe atherosclerosis (patient 3, Table 2 ) and (f) from a diabetic patient with severe atherosclerosis (patient 15, Table 2 ). White arrows, endothelial cells; black arrows, 'foam cells' or macrophages as our study has several limitations. First, the numbers of samples in our study were very small. Second, nondiabetic control specimens were obtained from patients with a variety of diseases. Third, streptozotocin, as used to induce diabetes, may also induce ROS production. And finally, the duration of diabetes in rats prior to death was very short. Clearly, this may not reflect the situation in diabetic patients undergoing hyperglycaemia for a very long time.
In addition to hyperglycaemia, the inflammatory environment in atherosclerotic lesions may further enhance HPR1 production in endothelial cells. For example, HPR1 is produced locally by the endothelium at the site of delayed-type hypersensitivity-associated inflammation, and TNF-α and IFN-γ can induce HPR1 production in cultured endothelial cells [41] . TNF-α, IL-1β and fatty acids are able to induce HPR1 production in endothelial cells in vitro [42] . Immunohistochemical analyses of cross sections of aorta revealed intense staining for HPR1 in the endothelium of Apoe-null mice but not in that of wild-type mice [42] . In our study, we found that HRP1 was highly abundant in endothelial cells in atherosclerotic plaques from nondiabetic patients. These observations suggest that many pathogenic factors in the atherosclerotic plaque can contribute to increased HPR1 production in the endothelial cells.
Accumulating evidence indicates that downregulation of HSPG under hyperglycaemic conditions plays an important role in the pathogenesis of atherogenesis [10] . HPR1 is involved in remodelling of the arterial structure, mechanics and repair in an endovascular stenting model [43] . Hpr1 overexpression in Hpr1 transgenic mice leads to increased arterial thickness, cellular density and mechanical compliance [43] . Moreover, HPR1 production is increased in the neointima of obese, hyperlipidaemic rats with endovascular stenting, compared with lean rats [43] . HPR1 levels in the neointima strongly correlate with neointimal thickness [43] . HPR1 production was also increased in the coronary artery of diabetic, hyperlipidaemic swine, mostly in macrophages enriched in the atherosclerotic lesions [44] . Our present study has demonstrated that HPR1 production was increased in the artery of diabetic rats. Our clinical study demonstrated that HPR1 protein was highly detected in the 'foam' cells of atherosclerotic lesions, confirming the observation made in a recent study, which showed that HPR1 production was increased in macrophages in atherosclerotic lesions from three dialysis patients [45] . These observations suggest that increased HPR1 production in endothelial cells and macrophages is responsible for decreased amounts of HSPG in the arterial wall, and that increased HPR1 production may contribute to the pathogenesis of atherosclerosis.
